Talaromyces marneffei is the only dimorphic species in its genus and causes a fatal systemic mycosis named talaromycosis. Our previous study indicated that knockdown of AcuD gene (encodes isocitrate lyase of glyoxylate bypass) of T. marneffei by RNA interference approach attenuated the virulence of T. marneffei, while the virulence of the AcuD knockout strains was not studied. In this study, T. marneffei-zebrafish infection model was successfully established through hindbrain microinjection with different amounts of T. marneffei yeast cells. After co-incubated at 28 C, the increasing T. marneffei inoculum doses result in greater larval mortality; and hyphae generation might be one virulence factor involved in T. marneffeizebrafish infection. Moreover, the results demonstrated that the virulence of the DAcuD was significantly attenuated in this Zebrafish infection model.
Introduction
Talaromycosis (formerly called penicilliosis) caused by Talaromyces marneffei (T. marneffei) is a serious invasive fungal infection [1] . The disease is endemic in southeastern Asia, including southern China, Thailand, the Philippines, and Vietnam. The disease occurs in immuno-compromised patients, especially those with AIDS. Recently, with the increasing number of HIV infections, the incidence of talaromycosis has increased, and this disease has become an important diagnostic indicator of AIDS [2] . Talaromycosis has high morbidity and mortality, making T. marneiffei a clinically significant pathogenic fungi. Therefore, understanding the pathogenic mechanism of T. marneffei is essential for the prevention and treatment of this disease.
T. marneffei is the only known thermally dimorphic species in genus Penicillium, with a mycelial phase at 25 C and the yeast phase, which is the pathogenic state in the human body or culture at 37 C. A study by C anovas and Andrianopoulos (2006) indicated that the AcuD gene, which encodes the glyoxylate bypass key enzyme isocitrate lyase, is highly expressed in the yeast phase of this fungus [3] . At nearly the same time, our studies showed that the AcuD gene is highly expressed in yeast phase cells in a systematic screening of differentially expressed proteins between yeast and mycelial phases, and also in an infection model with macrophages during the infection process [4, 5] . By investigating the expression of AcuD after co-culturing of T. marneffei conidia with murine macrophages, Thirach et al. [6] observed similar results. These results collectively suggest a link between the glyoxylate bypass and pathogenicity in T. marneffei.
The glyoxylate cycle is a bypass of the tricarboxylic acid cycle that allows two-carbon (C2) compounds to be used as carbon sources in gluconeogenesis, in which the unique enzymes are isocitrate lyase (ICL) and malate synthase (MS) [7] . The role of the glyoxylate cycle and its enzymes in microbial virulence has been reported [8] . Recent studies of AcuD (ICLencoding gene)-deleted mutants (DAcuD) in many fungal pathogens showed that a functional role for the glyoxylate cycle in fungal virulence is widespread, but not universal. In the human-related pathogens Aspergillus fumigatus and Cryptococcus neoformans, no differences in survival were observed between a DAcuD and a wild-type in the animal infection model (Table 1) [9] [10] [11] [12] [13] [14] [15] [16] . C anovas and Andrianopoulos [3] constructed the AcuD stable knockout mutant (DAcuD) and the complement mutant (DAcuDþ) for understanding the developmental regulation factors of the glyoxylate cycle in T. marneffei, while they did not test the virulence of these mutants. In our previous study by Sun et al. [10] , the AcuD gene of T. marneffei was knocked down using an RNA interference approach, and the data in a murine-infection model indicated that the RNAi-mediated silencing of AcuD expression could attenuate virulence of T. marneffei (Table 1) . As our previous research showed that siRNA could not generate continuous effects to the target gene due to adaption of the host cell, we constructed DAcuD and DAcuDþ successfully based on the protocol kindly provided by Andrianopoulos with some optimization [17, 18] .
While traditional mammalian models such as murine and rabbits have the advantage of relatively close similarity to humans, operational complexity and economic factors limited their use. We had successfully established Caenorhabditis elegans (C. elegans) and Galleria mellonella infection models for T. marneffei virulence studies [19, 20] . However, because huge racial differences exist between invertebrates and humans, these two models also have limited value for mechanistic studies of T. marneffei-host interactions. Therefore, development of a new host model is necessary. The zebrafish, which is a transitional model between lower animals and mammals, is a desirable host model for studying medically important microbial infections because it has evolved closer to humans than Drosophila and C. elegans, is easier to manipulate and more economical than murine [21] .
In the present work, we established a T. marneffei-zebrafish infection model to investigate the virulence of T. marneffei, and found that hyphae growth of T. marneffei might be a crucial virulence factor involved in zebrafish killing. Also, we tested the virulence of DAcuD of T. marneffei in this model, and found that AcuD gene deletion decreased the virulence of T. marneffei.
Materials and methods

Ethics statement
Animal experiments in this study were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and received permission from the Ethics Committee on the Care and Use of Laboratory Animals of Sun Yat-sen University, Guangzhou, China.
Zebrafish care and maintenance
Zebrafish wild-type AB line were mated, staged, and raised according to the standard protocols (http://zfin/org) at the animal facility of Sun Yat-sen University. Eggs were collected following natural spawning and treated with N-phenylthiourea starting at 12 hours post-fertilization (hpf) to prevent pigmentation. A total of 150 eggs/dish were kept in E3 (5 mM sodium chloride, 0.174 mM potassium chloride, 0.33 mM calcium chloride, 0.332 mM magnesium sulfate, and 2 mM HEPES in Nanopure water, pH 7) at 28 C with 0.3 mg/l methylene blue (Sigma-Aldrich, St. Louis, MO) for the first 24 hours to prevent microbial growth. Debris and unfertilized eggs were removed twice daily until hatching.
For the infection experiments, larvae were switched to E3 without methylene blue (E3-MB) at 24 hpf and manually dechorionated between 48 and 52 hpf. Prior to microinjection or imaging, the larvae were anesthetized in E3-MB containing 200 mg/ ml of 3-aminobenzoic acid (Tricaine, Sigma-Aldrich, St. Louis, MO) and euthanized with an anesthetic overdose with physical assurance.
Strains, growth conditions and inocula preparation
The wild-type strain of T. marneffei SUMS0594 was a clinical isolate stored in Sun Yat-sen Memorial Hospital, Guangzhou, China. SPM4 strain (Genotype: niaD1pyrG1), studied by Borneman et al. [22] was kindly gifted by Prof. Cao CW from Guangxi Medical University. The DAcuD and DAcuDþ were constructed and deposited in our lab.
Genomic DNA of T. marneffei was extracted from frozen mycelia as described previously [10] . PCR was performed using two pairs of specific primers (AcuD-pyrG F and AcuD-pyrG R, AcuD-pyrG F and AcuD-ORF) to confirm that the AcuD gene was the targeted disruption ( Figure 1 , Table 2 ). Deletion of AcuD was further confirmed by southern blot analysis with a 751-bp PCR product, generated by primers AcuD-pyrG F and AcuD-Probe. The genomic DNA was digested with Sph I, and southern blot was performed as previously reported [23] .
All the T. marneffei strains were grown on potato dextrose agar (PDA) at 25 C for 7 days for the collection of conidia. Yeast cells were collected from liquid cultures of T. marneffei by rotating conidia for 48 h in BHI medium at 37 C. The cultures were harvested with sterile water supplemented with 0.01% tween and gently rubbed with an L-style spreader, passed through two layers of sterile Miracloth into a sterile 50 ml screw-cap tube, and made up to a volume of 50 ml. Following centrifugation at 900Âg for 10 min, the yeast cell pellets were thoroughly resuspended in 50 ml of sterile phosphate-buffered saline (PBS), pelleted again, and made up to a volume of approximately 5 ml in sterile PBS before passing once more through a double layer of sterile Miracloth. Then, the yeast cells were enumerated with a hemocytometer and brought to final concentrations of 1 Â 10 7 CFU/ml, 5 Â 10 7 CFU/ml, and 1 Â 10 8 CFU/ ml in PBS prior microinjecting into zebrafish larvae. For heat inactivation, the fungal cells were incubated at 65 C for 30 min with gentle agitation. All fungal cell suspensions were prepared on the day of microinjection. The suspensions were diluted 1000 times, and 100 ml of which was applied to three PDA plates per group and incubated at 37 C. To confirm the viability of fungal cells and verify the accuracy of the count, colony form units (CFUs) of the yeast cells were counted 24 hours later.
Zebrafish killing assay
In preparation of hindbrain ventricle infection, yeast cells stocked in PBS at different amounts (PBS control, 1 Â 10 7 CFU/ml, 5 Â 10 7 CFU/ml, 1 Â 10 8 CFU/ml and heat-inactivated control) were mixed with sterile phenol red (final concentration AcuD-pyrG F GCCCTTGGTTTTCGGTTATGT AcuD-pyrG R GGGGAGTGGCTTACTTTTGCT AcuD-ORF GTTCGGGGCGCATCCCAGTTC AcuD-Probe TTTCGGTCGTGGAAGAGTTGG 0.1%) for clear visualization of injection success. The microinjection was conducted under a stereoscope (PLI-90A; Harvard apparatus, Holliston, MA) using fine needles. Embryos were manually dechorionated at 48-52 hpf. Afterwards, juveniles were anesthetized in a prepared solution of 200 mg/ml of ethyl 3-aminobenzoate. The anesthetized embryos (48-52 hpf) were lined up on a flat 1% agarose injecting plate. The position of the fish and the tip of the needle were adjusted such that the embryos were positioned with their dorsal sides toward the needle tip. The needle carefully punctured into the otic vesicle of the fish, and 3 nanoliter (nl) infection volumes were injected as described previously [24] . Under these conditions, individual larvae in the 1 Â 10 7 CFU/ml, 5 Â 10 7 CFU/ml, or 1 Â 10 8 CFU/ml groups received an average 30, 150, or 300 yeast cells, respectively. The CFUs/injection was monitored via injection into 0.1 ml of sterile PBS on PDA plates. Each group contained 100 larvae, and each experiment was performed in triplicate. The delivered yeast dosage was determined by immediate CFU enumeration on a group of randomly selected injected embryos to ensure proper inoculation. For fungal viability assays, primary homogenates of infected zebrafish embryos were prepared by adding 500 ml of sterile PBS per embryo. Serial 10-fold dilutions of the primary homogenates were plated in triplicate on PDA with 1% ampicillin at 25 C for 3 to 4 days before the colonies were counted.
Microscopic observations
Infected larvae were individually sorted into single wells of a 96-well plate and monitored every 6 hours starting at 6 hours post-infection (hpi). Morphological changes of larvae were observed under the same microscope. The discoloration and cessation of the heart beat and blood flow in the larvae was considered as the standard of death. Hyphae growth in the zebrafish as well as its relationship with death was also recorded. The observations were terminated at 96 hpi. Infection and mortality data were collected from three independent experiments. All dead zebrafish larvae were placed on PDA medium with 1% ampicillin for 7 to 8 days at 25 C to monitor contamination of other fungi.
Statistical analyses
Survival data from at least three independent experimental replicates were pooled and analyzed using log-rank and Wilcoxon tests. The survival distributions for the different experimental conditions were displayed in a graphical format using Kaplan-Meier plots. All p values were two sided, and a p < .05 was used to define statistical significance. The data analyses were conducted using GraphPad Prism version 6 and the STATA 6 statistical softwares.
Results
The verification of DAcuD knockout mutant
The DAcuD were constructed by stably replacing the AcuD structural gene with the screening tag pyrG gene via homologous recombination from the parental strain SPM4 (Figure 1) . The phenotypic tests show that the DAcuD mutants were unable to grow on medium with acetate as a sole carbon source. But no growth difference between DAcuD mutants and SPM4 was observed on the glucose medium except the former's lack of red pigment. Reintroduction of AcuD gene into DAcuD mutants restores the ability to assimilate acetate just as previously reported (Figure 2 ) [3] . The yeast-like cells were round or oval in shape with a sausage appearance or a septum and split breeding (Figure 3(A) ).
PCR analyses of DAcuD, SPM4, DAcuDþ revealed that DAcuD mutant lacked AcuD gene and obtained pyrG cassette (Figure 3(B,C) ). Southern blot analysis showed that AcuD encoding gene was not detected in the DAcuD mutant, conversely, AcuD encoding gene were detected in the SPM4 and DAcuDþ strain (Figure 3(D) ). The sequenced results revealed that DAcuD was targeted and knocked out by the pyrG gene at that locus (unpublished data).
Assays of zebrafish killing by T. marneffei
To determine whether the zebrafish was a suitable infection model for studying T. marneffei virulence mechanisms, the hindbrain ventricle microinjection method was used. First, we used T. marneffei wildtype strain SUMS0594 to infect zebrafish larvae in different amounts of yeast cells at 1 Â 10 7 CFU/ml, 5 Â 10 7 CFU/ml, and 1 Â 10 8 CFU/ml respectively. As shown in Figure 4 (A), inoculation with 1 Â 10 8 CFU/ml dose of the SUMS0594 resulted in rapid killing of the larvae. The survival rates were significantly dependent on the amounts of injected T. marneffei yeast cells.
There was no significant difference in the survival rates between the control groups which received heat-inactivated yeast cells and the sham injection with PBS (p ¼ .3149 > .05, Gehan-Breslow-Wilcoxon test). However, the survival rates significantly differed between each experimental group and the control groups. Meanwhile, significant differences were found in the survival rates between the groups that received different amounts of yeast cells (1 Â 10 7 CFU/ml vs 1 Â 10 8 CFU/ml: ÃÃÃÃ p < .0001, Gehan-Breslow-Wilcoxon test). In particular, the group that received the greatest amount of inocula (1 Â 10 8 CFU/ml) exhibited obvious decrease in the larval survival rates to 80%, 55%, and 29% at 24 hpi, 48 hpi, and 72 hpi respectively (Figure 4(A) ). Therefore, we propose that the hindbrain ventricle microinjection method is available for establishing T. marneffei-zebrafish infection model. T. marneffei CFU time-course counts indicated the doses of injected yeast in 5 Â 10 7 CFU/ml or 1 Â 10 8 CFU/ml could maintain a relatively stable fungal load. There was a slight rise from the initial infection time to 72 hpi, especially during 24 hpi to 48 hpi. After 72 hpi, the CFU counts declined in both the groups (Figure 4(B) ). This is consistent with the above survival rate results. To facilitate observation, the recommended initial amount for injection of yeast cells of T. marneffei is 5 Â 10 7 CFU/ml, and the optimal amount is 1 Â 10 8 CFU/ml.
Hyphae generation is involved in T. marneffei virulence
The morphology of zebrafish larvae after T. marneffei inoculation was observed at different times. The growing hyphae could penetrate the tissue of zebrafish larvae ( Figure 5(A-C) ) when the larvae were inoculated with 1 Â 10 8 CFU/ml yeast. At 18 hpi, the hyphae could be seen extruding out of the larvae brain and some granular aggregation could be seen surrounding the hyphae in the injected location. This happened to about 69% (59/86) of living larvae and the amount of larvae affected rapidly increased. At 30 hpi, the aggregated growth of hyphae around the heart region could be seen in about 29% (19/66) of the living larvae. At 72 hpi, only 30 larvae remained alive, of which four had a granuloma formation surrounding the tail. At 84 hpi, the hyphae penetrated through the granuloma. The 96-hour observation reminded us that systemic infection of zebrafish could be established by the local injection through hindbrain ventricle. All of the infected zebrafish larvae died within 24 hours after their tissues were penetrated by hyphae ( Figure 5(A-C) ). However, growing hyphae could barely be detected in the 26 survived larvae. In the PBS control groups, no hyphae penetration or granuloma formation was observed ( Figure 5(D) ), which indicated that hyphae generation was involved in the virulence of T. marneffei interaction with zebrafish. 
Knockout of AcuD gene attenuated virulence of T. marneffei
To evaluate the effect of the AcuD gene on the virulence of T. marneffei in zebrafish, the wild-type strain SUMS0594, SPM4, DAcuD, and DAcuDþ were used. According to previous experimental results, the amount of 1 Â 10 8 CFU/ml yeast cells of T. marneffei were used to infect zebrafish larvae. As shown in Figure 6(A) , there is no significant difference between the survival rates of the groups infected with SPM4 and wild-type (p ¼ .9377, Gehan-Breslow-Wilcoxon test). 76% (76/100) of the zebrafish larvae died within 96 hpi in the SPM4 strain-infected groups compared with 28% (28/100) in the DAcuD groups (p < .0001). Complementation of AcuD gene (DAcuDþ) restored the virulence and 72% (72/100) of the zebrafish larvae died within 96 hpi in the DAcuDþ strain-infected groups (SPM4 versus DAcuDþ, p ¼ .2555 > .05). These results indicated that the virulence of DAcuD was significantly attenuated. The decline in DAcuD CFU numbers over time confirmed these results ( Figure 6(B) ). The hyphae generation was much fewer and could only be seen at the injection location, especially during 24-48 hpi (Figure 6(C) ) unlike the wild-type and SPM4 groups.
Discussion
Zebrafish, also known as bluefish or flower fish, is a derived member of genus Danio from the family Cyprinidae [25] . As an emerging model organism in recent years, the zebrafish has many advantages. The zebrafish grows fast, is genetically tractable, and is more evolutionarily close to humans than invertebrate model organisms (i.e., nematodes, Drosophila etc.). Furthermore, zebrafish larvae are transparent and amenable to prolonged in vivo imaging and small molecule screening [26] . Therefore, the zebrafish model is widely used in scientific researches such as developmental genetics, environmental toxicology, and human diseases [27] [28] [29] . In recent years, the zebrafish model is increasingly being used for studying the pathogenesis of microorganisms, including several clinically relevant fungal pathogens, such as Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans [24, 30, 31] . Recently, Ellett et al. [32] established a reproducible systemic invasive filamentous form of talaromycosis in zebrafish larvae at 28 C, and studied the different roles of neutrophils and macrophages in T. marneffei infection.
Under natural conditions, pathogenic microorganisms can infect zebrafish through the gastrointestinal tract, spasms or a damaged epidermis [33] . In laboratory experiments, zebrafish can be infected with different inoculation approaches at different growth stages according to different experimental design [21] . During the embryonic and juvenile stages, the following inoculation methods are most commonly used: (1) bloodstream infections, such as intravenous inoculations, are performed via either the tail vein or the duct of Couvier; (2) yolk sac microinjection; (3) hindbrain ventricle microinjection, directly or via otic vesicle; (4) embryos immersion infection; and (5) spinal cord tissues and axial muscle injections. In our pilot study, yolk sac and hindbrain ventricle microinjection routes were attempted to establish a disseminated infection in transparent zebrafish larvae. The attempts at infection of the yolk sac had resulted in universal lethality within 24 h, which was similar to the study reported by Brothers et al. [30] . In contrast, our initial inoculation of zebrafish larvae through the hindbrain microinjection yielded a stable and reproducible infection. In this study, we used the wild-type strain to assess the virulence of T. marneffei in zebrafish larvae and observed that T. marneffei was lethal to the larvae. The death of infected larvae had a positive correlation with the increasing amounts of T. marneffei, which is similar to the study on C. albicans while not consistent with C. neoformans [30, 34] . Meanwhile, we found that T. marneffei disseminated throughout the fish, fungal hyphae were even present at the tail of fish (Figure 1(A) ), which is consistent with the observations in C. albicans [30] . Thus, the hindbrain ventricle microinjection inoculation method is available to establish the T. marneffei-zebrafish systemic infection model.
We also compared the virulence of the wild-type and DAcuD of T.marneffei using the zebrafish infection model. The results showed that the virulence of the DAcuD was significantly attenuated, which was consistent with the results reported in the literature [10] . These findings indicate that the AcuD gene, which encodes the key enzyme ICL of the glyoxylate cycle is relevant to the virulence of T.marneffei and also indicate that zebrafish can be a viable infectious model organism for assessing the virulence of different T.marneffei mutants.
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